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INTRODUCTION
More than 50% of the wetlands in the conterminous United States have been lost or severely degraded due to conversion from natural to agricultural or urban land uses (Dahl and Allord 1996) . Estimates of loss or severe degradation exceed 90% for all wetland types in California (Bertoldi and Swain 1996) and 95% for riparian systems in the Sacramento Valley of California (Greco 1999 ). Similar trends have been reported throughout the world (Moser et al. 1997 ). Thus, restoration and management are considered critical components of wetland and riparian system conservation efforts in the United States (U.S. Environmental Protection Agency and U.S. Department of Agriculture 1998) and throughout the world (Moser et al. 1997) .
Hydrology is the primary forcing function in wetland and riparian systems (Mitsch and Gosselink 1993) and is the critical element in wetland and riparian system restoration and management efforts (Kentula 1996) . Hydrology is particularly critical in riparian systems since it is the primary mechanism by which mass and energy are transported between uplands and downstream environments (Dahm et al. 1998) ; it is the primary control on the pathways and rates of biogeochemical processing of dissolved and particulate matter (Gosselink and Turner 1978 , Vervier et al. 1993 , Pusch et al. 1998 ; it provides multidimensional environmental gradients that support diverse metazoan populations which serve as critical pathways and mechanisms by which energy is transferred in riparian food webs (Ward et al. 1998 . Unfortunately, while a great deal is known about the surface-water hydrology of wetland and riparian systems, comparatively little is known about the shallow groundwater hydrology of wetland and riparian systems (Kentula 1996) . This study is part of a larger effort focused on the management of surface water and shallow groundwater and associated plant and wildlife habitat resources in riverine and reservoir-fringe systems. The overall objective of this larger effort is to develop concepts and tools for the planning, implementation, and monitoring stages of riverine and reservoir management efforts. In the first step, the primary sources of the shallow groundwater were identified (Rains and Mount 2002) . In the second step, the roles of stream discharge, regional groundwater discharge, and reservoir stage in controlling shallow groundwater were characterized (Rains 2002 (Fig. 1) . While the terrace still supports oak savannah, the delta now supports a large, regionally unique emergent marsh, sedge meadow, and riparian forest complex. Long-term monitoring indicates that the juxtaposition of these diverse habitats supports high diversity resident and migratory bird populations including large populations of the Tricolored Blackbird (Agelaius tricolor), a California State Species of Special Concern (Hamilton 1998).
Geology and hydrogeology
The Little Stony Creek alluvial valley is bound on the west by the Franciscan Complex and underlain and bound on the east by the Great Valley Group (Fig. 2) . Surface deposits on the terrace are floodplain silts and sands to --1 m. Surface deposits on the delta are floodplain silts and sands to --1 m with natural levee and crevasse splay silts and sands to -2 m near the channel. delta are channel lag and bar sands and gravels of variable depths to -3 m. The channel lag and bar sands and gravels underlying the terrace and delta are similar in depth and composition which indicates that they were deposited prior to delta formation and that the delta is primarily a surficial feature (Rains 2002 ). Described as a single, composite sample, the channel lag and bar sands and gravels are very poorly sorted, sandy medium gravels with d10, d50, and d90 of 0.6, 9.0, and 39.8 mm, respectively (where d10, d5s, and d90 are the diameters that are larger than 10%, 50% and 90% of the grains, respectively; Rains 2002). The local groundwater flow system is unconfined and occurs primarily in the channel lag and bar sands and gravels. Rains (2002) estimated the hydraulic conductivity of the local groundwater flow system to be -400 m/d using grain size data and the Hazen method (Hazen 1911) which is applicable to coarse-grained sediments where the d0o is -0.1-3.0 mm (Fetter 1994 ).
Climate and hydrology
Precipitation, evapotranspiration, and stream discharge are strongly seasonal with pronounced wet and dry seasons (Rains 2002 (Hickman 1993 ). Three observers independently estimated raw percent cover, the raw percent cover estimates were averaged, and abundance values were assigned based upon modified Daubenmire cover classes: <1%, 1-5%, 6-15%, 16-25%, 26-50%, 51-75%, 76-95%, and >95%. Cover classes were converted to cover class midpoints for data analyses.
Vegetation classification
Two-way indicator species analysis (TWINSPAN; Hill 1979) was used to classify the 32 vegetation plots into five community types. Uncommon, low-abundance species can have disproportionate effects in classification efforts. One possible result is that plots that share uncommon, low-abundance species may be classified together even if they have little or nothing else in common and have no meaningful ecological relationship (Zedler 1977 , Pasternack et al. 2000 . To reduce the possibility of this occurrence, each species was assigned its maximum observed raw percent cover value and the values were plotted cumulatively. A substantial change in slope was considered indicative of the presence of groups of uncommon, low-abundance species and common, high-abundance species. The uncommon, low-abundance species, in this case those species with no occurrences that equaled or exceeded 5%, were omitted from the classification effort. The complete matrix of species composition and abundance was restored following the classification effort, thereby restoring uncommon, low-abundance species to the community type descriptions. (2000) modeled community types as functions of inundation duration using probabilistic approaches in which the probability that a given community type would occur in a given arbitrary inundation duration class was determined by field observations. Springer et al. (1999) modeled potential woody riparian vegetation establishment zones as functions of minimum and maximum depths to groundwater, the minimum and maximum depths to groundwater being determined from observational data from previous regional studies. Franz and Bazzaz (1977) modeled individual species as functions of elevation relative to stream stage using a probabilistic approach where species distributions were assumed to be described by normal density functions defined by sample means and standard deviations.
Vegetation model
The approach employed in this study is most similar to the approach employed by Franz and Bazzaz (1977) . The primary difference in this study is that two gradients are employed since community types are modeled primarily as functions of mean depth to groundwater during the growing season and secondarily as functions of flooding. The groundwater model was used to model mean depth to groundwater during the growing season for water years 1980-1999 at each of the 32 vegetation plots. These data were used to calculate sample means and standard deviations of the mean depth to groundwater during the growing season for each community type. The probability that a community type would occur as a function of mean depth to groundwater during the growing season was calculated using Bayes' Theorem:
where p(g I d) was the posterior probability that a community type, g, would occur as a function of mean depth to groundwater during the growing season, d; f(d I g) was a function describing the distribution of the mean depths to groundwater during the growing season, d, in a community type, g; and aT(g) was the prior probability that a community type, g, would occur independent of the mean depth to groundwater during the growing season, d. The functions, f were assumed to be normal density functions with means and standard deviations equal to the sample means and standard deviations of the modeled mean depth to groundwater during the growing season in each sampled community type. With one exception, the prior probabilities were set equal to one another, i.e., were set such that the probability of occurrence of each community type was based solely on mean depth to groundwater during the growing season. The one exception was that one community type, riverine forest, only occurred where surface water flooding occurred. Thus, the prior probability of riverine forest was set to zero in terrace blocks where surface water flooding does not occur.
This approach resulted in multiple models. Each model described the probability that a given community type would occur primarily as a function of modeled mean depth to groundwater during the growing season and secondarily as a function of flooding. Models were employed block-by-block using Bayesian model selection and Bayesian model averaging (Hoeting et al. 1999, Wasserman 2000). In Bayesian model selection, modeled groundwater data were used to select the single best model from the suite of models, while in Bayesian model averaging, modeled groundwater data were used to average the results from the suite of models. In Bayesian model selection, the community type with the highest probability of occurrence was assigned to the entire block. In Bayesian model averaging, the probabilities of occurrence of each community type were used as weights that were multiplied by the area of the entire block to provide weighted averages of each community type. These probabilities also were used to calculate variances since, if the probability of community type, g, occurring at block i, is Pgi, then the variance is pg(l-pgi). Bayesian model selection results were used for graphical output where each block had to be assigned to a discrete community type. Bayesian model averaging results were used for tabular output. 
Scenarios

Vegetation modeling
The vegetation model comprises multiple models, each of which describes the probability that a given community type will occur primarily as a function of mean depth to groundwater during the growing season and secondarily as a function of flooding. There are two separate model outputs, one for the floodplain and delta where the prior probabilities for each community type are set equal to one another, and one for the terrace where the prior probability of riverine forest is set to zero while the prior probabilities of the remaining community types are set equal to one another (Fig. 8) . Thus, the distributions of grassland, sedge meadow, and emergent marsh might change rapidly in response to changes in reservoir operations, while the distributions of riverine forest and willow forest might remain unchanged for many decades in spite of changes in reservoir operations. Given sufficient prior knowledge, the prior probability term, discussed in greater detail below, could be used to model changes in vegetation distributions due to changes in reservoir operations over specified lengths of time. This was not pursued in this effort since the objective was not to understand specific species responses to specific changes in reservoir operations but, rather, to understand the behavior of riverine and reservoir-fringe systems and to generate hypotheses about the way that riverine and reservoir-fringe systems might develop under different reservoir operations. Vegetation responses were modeled at the community-type level. However, vegetation tends to respond individualistically, and individualistic responses might be more appropriately modeled at the population level. The basic modeling approach described herein could be used to model vegetation responses at the population level. However, separate vegetation models would need to be constructed for each of the 62 species observed on the site, and the presentation and synthesis of the ensuing modeled results would be cumbersome and of uncertain management value. Furthermore, populations would almost certainly be clustered in the same general community types. For example, Bromus hordeaceous-the most prevalent species in the grasslandwould not be clustered with Typha domingensis-the most prevalent species in the emergent marsh-in any conceivable model scenario. Rather, Bromus hordeaceous would continue to be clustered with Centaurea solstitialis-the next most prevalent species in the grassland-in all model scenarios. Thus, modeling community-type responses is both convenient and justifiable in this case. (Fig.  7) . This is not merely coincidence, since the individual species that comprise these community types form functional groups, with obligate upland species on the dry end of the gradient and obligate wetland species on the wet end of the gradient (Table 1) .
In some previous efforts, stream stage has been used in part as a surrogate for the water table (Auble et al. 1994 , Primack 2000 . This would be a poor assumption in this case since hydraulic heads under the delta are largely controlled by reservoir operations (Fig. 5) Fig. 6) and highly variable functional groups (Table 1) .
Bayes' theorem is based upon axioms of probability theory that are well established and beyond debate (Hoeting et al. 1999, Wasserman 2000) . Applications of Bayes' theorem, however, are somewhat controversial. The controversy centers on the prior probability term, since it is often unclear how prior knowledge can be converted into a secondary function that appropriately modifies a primary function. In this approach, a conservative approach is employed: flooding is used as a binary switch that is switched on for nodes that can flood and switched off for nodes that cannot flood. When the switch is on, riverine forest is allowed to occur; when the switch is off, riverine forest is not allowed to occur. Thus, flooding is simply a prerequisite that must be satisfied before riverine forest can occur. The remainder of the vegetation distributions are dependent solely upon the mean depth to groundwater during the growing season.
Certainly, other factors-such as competition, herbivory, and fire-can play important roles in vegetation distributions. By taking an empirical approach, the effects of other physical and biological factors are incorporated into this model effort. The basic assumption is that other physical and biological factors modify existing vegetation distributions along the primary and secondary gradients of mean depth to groundwater during the growing season and flooding. The primary and secondary gradients change as functions of changes in reservoir operations, but the modifying effects of other physical and biological factors remain constant. For example, the same competitive interactions occur, but the locations where these competitive interactions occur and the locations of the associated modified community type boundaries change as functions of changes in the underlying primary and secondary gradients.
Definition of the growing season
The growing season was defined as being from February to August, since field observations indicated that this interval encompassed the growing seasons for most of the species on the site. However, growing seasons vary by species, with some species having shorter growing seasons and some species having longer growing seasons. A sensitivity analysis was conducted to see if changes in the timing and duration of the growing season resulted in substantial changes in modeled vegetation distributions. The existing-condition scenario was simulated for all nine possible growing seasons that begin in January, February, or March and end in July, August, or September. Modeled vegetation distributions under all nine simulations were essentially identical.
The importance of microtopographic relief
In this application, elevations were assigned to 0.10-ha blocks, which smoothed local but important microtopographic lows. An abandoned channel, for example, is located on the delta and is a location in which small areas of sedge meadow, willow forest, and emergent marsh occur. The abandoned channel is too small to be modeled given the lack of fine-resolution topographic data. Thus, this local but important microtopographic low is generally under-represented in the model.
Finer-resolution microtopographic data could be obtained by field or remote-sensing techniques. However, node spacing would need to be -3 m, with each node representing 0.001 ha, to account for the abandoned channel on the delta. Thus, the model domain would need to contain more than 10 000 nodes, each of which would need to be assigned a ground surface elevation. Obtaining this level of precision and accuracy by field surveying would be time consuming, while obtaining this level of precision and accuracy by remote-sensing techniques such as light detection and ranging (LIDAR) or interferometric synthetic aperture radar (IfSAR) would be less time consuming but much more expensive.
The expense and effort of obtaining finer-resolution microtopographic data are not justifiable in this case. The abandoned channel is -400 m in length and 3 m in width. The abandoned channel, therefore, covers -0.12 ha of the 20.20-ha model domain. Perhaps 75% (-0.09 ha) supports sedge meadow in a grassland or sedge meadow matrix. The remaining 25% (-0.03 ha) supports willow forest or emergent marsh in a sedge meadow, willow forest, or emergent marsh matrix. These areas are extremely small, particularly when considered with respect to the larger areas already modeled as sedge meadow, willow forest, and emergent marsh (Fig. 9, Table 3 ).
Model simulations
The groundwater backwater effect is a function of imposed reservoir stage and groundwater recharge from up-gradient sources. Reservoirs are constructed in valley-bottom positions where groundwater discharge occurs. When reservoirs are filled, imposed reservoir stages can be higher than local hydraulic heads and groundwater discharge to inundated areas can no longer occur. This has little to no effect on the rates of groundwater recharge from up-gradient sources. This incoming groundwater recharge accumulates in shallow groundwater storage prior to discharging at or near the reservoir fringe. This creates a stable, shallow groundwater environment on the reservoir fringe. This groundwater backwater effect can be inferred from previous studies of reservoirs (Cady 1941) Modeled vegetation distributions under the fulldrawdown scenario are largely functions of the existing topographic relief. Grassland is the default community type throughout most of the valley, occurring extensively up and down valley of the reservoir. One might expect, therefore, for most of the model domain to revert to grassland under the full-drawdown scenario. However, sedge meadow, willow forest, and emergent marsh persist in the full-drawdown scenario on scoured surfaces on the upper and middle delta. These scoured surfaces are the abandoned floodway and abandoned channel that can be seen in various stages of development in serial aerial photographs dating back to 1948. The reservoir had to exist for these scoured surfaces to develop, but the reservoir need not continue to exist for these scoured surfaces to continue to support sedge meadow, willow forest, and emergent marsh. Meanwhile, grassland replaces some sedge meadow and riverine forest on depositional surfaces on the lower delta and the near-channel area. These depositional surfaces are largely the natural levees and crevasse splays that also can be seen in various stages of development in serial aerial photographs dating back to 1948.
Modeled vegetation distributions under the full-pool scenario are largely functions of the groundwater backwater effect and the existing topographic relief. The scoured surfaces on the upper and middle delta are located in the off-channel area so the shallowest groundwater and the wettest community types extend in a lobe up the valley in the off-channel area. Sedge meadow, willow forest, and emergent marsh replace riverine forest on the natural levees and crevasse splays. The lower end of the model domain becomes emergent marsh with a fringe of willow forest. The expansion of the emergent marsh could enhance existing populations of the Tricolored Blackbird, since Tricolored Blackbirds preferentially nest in emergent marshes dominated by cattails (Typha spp.) and tules (Scirpus spp.) (Neff 1937 , DeHaven et al. 1975 ). However, the loss of the riverine forest on the delta could diminish other wildlife populations.
Management implications
Changes in reservoir operations can have pronounced effects on shallow groundwater and associated vegetation distributions in riverine and reservoir-fringe systems. However, vegetation distributions in deltaic environments are somewhat resilient to change. Deltas have erosional environments, such as floodways and channels, and depositional environments, such as natural levees and crevasse splays. These erosional and depositional environments may provide refugia for vegetation to occupy under different reservoir operations. For example,, erosional environments may support wetland species even under full-drawdown conditions, while depositional environments may support upland species even under full-pool conditions. Thus, each community type may persist, though the precise areas and locations of each community type may change. Nevertheless, the effects of changing reservoir operations must be considered or other elements of an overall management strategy (for example, reducing livestock grazing and/or planting additional vegetation to promote the expansion of existing plant and wildlife habitats) could fail to meet their desired objectives.
